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Neutron scattering has been used to study the structure and spin dynamics8td aMnO;. The mag-
netic structure of this system is ferromagnetic belbw=235 K. We see anomalies in the Bragg peak inten-
sities and new superlattice peaks consistent with the onset of a spin-canted phas& held®®05 K, which
appears to be associated with a small gag=a{0,0,0.5) in the spin-wave spectrum. Anomalies in the lattice
parameters indicate a concomitant lattice distortion. The long-wavelength magnetic excitations are found to be
conventional spin waves, with a gapless@.02 meV) isotropic dispersion relatid@= Dqg?. The spin stiffness
constanD has aT>? dependence at loil, and the damping at smailfollows gq*T?. An anomalously strong
guasielastic component, however, develops at small wave vector ak2®@ K and dominates the fluctuation
spectrum a§ — T . At largerq, on the other hand, the magnetic excitations become heavily damped at low
temperatures, indicating that spin waves in this regime are not eigenstates of the system, while raising the
temperature dramatically increases the damping. The strength of the spin-wave damping also depends strongly
on the symmetry direction in the crystal. These anomalous damping effects are likely due to the itinerant
character of thes, electrons[S0163-182698)02945-2

INTRODUCTION tron correlations, would create the effective carrier mass nec-
essary for large magnetoresistance. The existence of strong
The correlated dynamics of spins and charges near thelectron correlations is expected to affect the magnetic order-
Mott transition in doped lanthanum manganitesing and the magnetic excitation spectrum, and thus the spin
La; ,A,MnO; (Ref. 1) has generated continued interest,dynamics can provide crucial information for determining
both because these systems exhibit anomalously large mathe itinerancy of the system and the importance of the elec-
netoresistance effects near the Curie temperattiemd be-  tron correlations.
cause the physics of this class of materials is related to the A number of inelastic neutron-scattering studies of the
high-T. superconducting copper oxides. Like the cupratesspin dynamics has been carried out in these systems, but
these materials are in the vicinity of an insulator-metal tran-most of them were carried out either in the strongly doped
sition, as well as magnetic and structural instabilities, whileregime, or in the lightly doped limit, and only a few of them
to date no superconductivity has been found. Rather, theyvestigated the spin-wave dispersion to the zone
exhibit exotic properties such as a dramatic increase in thboundanf= These studies suggested essentially standard
conductivity when the system orders ferromagnetically, ei-spin dynamics of a conventional metallic ferromagnet, ex-
ther by cooling in temperature or by applying a magneticcept for the Ca-doped sampfeand, more recently, for
field. It has been suggested that an understanding of the$éd, Sty gMnO; and Pg St ;MNnOs,'° where coexistence of
materials must include, in addition to the double-exchangepin-wave excitations and a spin-diffusion component was
mechanisth and strong electron correlatiohsa strong observed in the ferromagnetic phase. Perréigal® used
electron-phonon interactioh Cooperative Jahn-TellefJT) pulsed neutron scattering to measure the spin-wave disper-
distortions associated with the MinJT ions have been evi- sion throughout the Brillouin zone of kaPky ;MnO;, and
denced from structural studies at low doping, where the syssoncluded that a simple isotropic Heisenberg Hamiltonian
tem is insulating and antiferromagnetic, and may be an imwith only nearest-neighbor coupling could account for the
portant contribution to orbital ordering, double exchangeentire dispersion relation. They did not observe any intrinsic
and related spin ordering and transport properties observed Bitewidths at low temperature, possibly because of the coarse
higher concentrations. As the doping concentratiorin-  resolution needed to observe the high-energy spin waves.
creases, the static JT distortion weakens progressively anthey did observe, however, an unusual broadening of the
the system becomes metallic and ferromagnetic. It is behigh-energy spin waves at elevated temperatures.
lieved that in the absence of a cooperative effect in this re- At the other end of thex,T) phase diagram, the system is
gime, local JT distortions persist on short time and lengthsemiconducting for low doping concentrations, with a canted
scales. These short-range correlations, together with the elespin structuré12 The spin dynamics are highly anisotropic

0163-1829/98/5@2)/149139)/$15.00 PRB 58 14913 ©1998 The American Physical Society



14914 L. VASILIU-DOLOC et al. PRB 58

and are described by a strong in-plane ferromagnetic exsratoire de Chimie des Solides, Orsay, France, using the
change coupling and a weak out-of-plane antiferromagnetifloating-zone method. The crystal is 5—-6 mm in diameter and
coupling. The ferromagnetic coupling in this limit results 3 cm in length and weighs 6.5 g. It was oriented such that the
from orbital ordering in agreement with Goodenough-[010] and[001] axes of the orthorhombi®bnmcell lie in
Kanamori rules. Substituting La with Sr introduces dopedthe scattering plane. The inelastic measurements reported
holes in the system, but also lattice distortions that modifyhere were performed on the BT-2, BT-4, BT{thermal

the overlap of the orbitals. Thus a clear competition arisepeam, and NG-5(cold source triple-axis spectrometers at
between the orbital-ordering inducing antiferromagnetic orthe NIST research reactor. In order to reduce extinction ef-
ferromagnetic correlations and the double-exchange mechgects, the diffraction experiments were carried out on a much
nism, which favors ferromagnetic correlations. It is thereforesmaller single crystal weighing 0.3 g, grown under the same
of great interest to elucidate the crossover mechanism frorgonditions. In all cases pyrolytic graphitG) (0 0 2 has

the weakly doped to the strongly doped limit. In the interme-been used as an analyzer. As monochromator, the same re-
diate doping regime we expect to see a strong deviation frorflection was used on the BT-2, BT-9, and NG-5 spectrom-
the double-exchange model prediction for the spin-wavesters, while the coppé® 2 0) reflection was used on BT-4 to
spectrum. investigate the higher energy excitations. Either PG or cold

So far, no results on the spin dynamics in the intermediat@®e filters were used as appropriate, along with a variety of
doping regime have been reported. We have therefore corpllimator combinations.

centrated on LggsSlh1sMNO;. We find that the long-
wavelength magnetic excitations are conventional spin
waves at lowT, while for T—T an anomalously strong STRUCTURE AND MAGNETIC ORDER

quasielastic component develops at small wave vectors and | 5 .Sy, MnO; has a high-temperature rhombohedral

dominates the fluctua'gion spectrum. In the large _wa_ve-vect%hase R3c), and undergoes a structural phase transition at
regime very large intrinsic linewidths develop with Increas-+ _ a5k té an orthorhombic phas®bnny, as shown in
S_ )

ing g in the ground state of this system, and we find that th ig. 1(a). In the paramagnetic phase the resistivity of this

strength of this damping depends strongly on the symmetr - ; ; ;
direction in the crystal. This demonstrates that conventionaﬁyStem initially increases with decreasing temperat(?e,

. . i ut then shows an abrupt drop associated with the onset of
magnons are not eigenstates of this system at largehich ferromagnetic long-range order @ =235 K, as confirmed

is in contradiction to the expectations for a stan_dard Helsent—)y magnetization measurements verstisobtained from
berg model, or a simple one-band, fully polarized double

exchangeghalf-metallig ferromagnet. We also find that in- Bragg scatteringsee Fig. 1b)]. At a lower temperature

. \ e round 205 K, the resistivity exhibits a fairly sharp upturn
creasing the temperature dramatically reduces the lifetime Ozccompanied by anomalies in the Bragg peak intensities and
the largeq magnetic excitations, indicating that there are

oo . the appearance of superlattice peaks, consistent with a subtle
strongly temperature-dependent contributions to the spin; bp P P

wave damping as well. These anomalous damping effects apistortion of the magnetic structure beldi,=205 K (Ref,
. ping as : ping ﬁ) and a possible structural distortidhas described below.
likely due to the itinerant character of tieg electrons. From

the structural point of view. we observe anomalies in th These superlattice peaks are weak, arising from a small per-
€ structural point of view, we observe anomalies Cyrbation of the ferromagneti@M) structure, and thus from
Bragg peak intensities accompanied by the appearance

; . . .the dynamical point of view this system is a ferromagnet to a
superlattice peaks indexed with respect to the orthorhombi L .
Pbnm cell as (0 ) with I=odd or (1= 1/2k+1/2,0) in 8ood approximation throughout the magnetically ordered
related twin domains. These are consistent with the onset o
a spin-canted phase beloli =205 K, as previously sug- Br

13 H
?este? by szar&get ?I' ;Lhet" ;gperla;::ce dp?a‘ff' aref i)r(l 1(b) (closed squargs This reflection has a weak nuclear
remely weak, indicating that this subtle distortion o es%ructure factor, and therefore has a small intensity in the

magnetic structure can be treated as a small perturbation ?)aramagnetic phase. BeldT., magnetic scattering due to

the purely ferromagnetic arrangement. Anomalies in the Iatfhe ferromagnetism of spins aligning on the manganese at-

gﬁﬁgiﬁ?ﬁéiigﬂ:ﬁiapgzli]gomgzzteitl;ﬁtauial /czi;stgxrrtmnoms produces a magnetic structure factor and results in an
. . . N increase of intensity. The data in Figlbl are the same on
(h=1/4k=*=1/4,0) in related twin domains, have been re- y g1

; . .~ warming and on cooling, with no visible hysteresis. It is thus
p?rted lby Yalmt?dettr?l.{and llgtferprett)e? asltgg Ln ?Nmfesltgtlor: very likely that this ferromagnet exhibits a second-order
ora polaron lattice that would form below - Wedaiano phase transition. Nevertheless, these data cannot be used to
observe such strong peaks in our 0.15 sample using neu-

. b did ob K and broad extract a critical magnetic exponer8, because of the
tron scattering, but we did observe weak and broad pea nomaly we see below 210 K. There is a loss of intensity in
using synchrotron x-ray scattering, which in ad.dltlon P'€the (0 2 0 reflection which coincides, on one hand, with the
sented strong irradiation effects. A comprehensive analysi

£ th latii ks i | Lea h ﬁpturn in the resistivity and, on the other hand, with the
of these superlattice peaks Is in progressye note that  onhearance of weak superlattice peaks at antiferromagnetic
preliminary results of our studies have been reporte

. 1516 ragg points along the direction, such as th@ 0 3 reflec-
previously.™ tion, also represented in Fig(H (closed circles Note the
factor of ten difference in intensity scales, with t@0 3
intensity being more than an order of magnitude lower in

The single crystal of LggsSry 15MnO; used in the present  strength. In thePbnmsymmetry, (0 d) nuclear reflections
inelastic neutron-scattering experiments was grown in Labwith | =odd are not allowed, and we see in Fig. 2 that there

The integrated intensity of th€0 2 0 ferromagnetic
agg reflection as a function of temperature is shown in Fig.

EXPERIMENT
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g 1000 - Tea Te 7
k= o | similar behavior has been observed for0.1 and 0.123°
3 ] The new type of magnetic long-range order that occurs be-
T 500 - * low Tcp appears to be accompanied by the opening of a
§° . small gap ag=(0,0,0.5) in the spin-wave spectrum, and by
K= [ (@) . ] a lattice distortion as described below.
g H e e e e Figure Xa) shows the integrated intensity of tii& 2 0)
50 100 150 200 250 300 350

nuclear Bragg reflection, which is allowed only in the ortho-
rhombic symmetry. Therefore, there is no intensity observ-
FIG. 1. (8 Temperature dependence of tk 2 0 nuclear able on cooling untilTs~360 K, where a sharp increase
Bragg reflection which is allowed only in the orthorhombic struc- °CCUrS when the system undergoes the rhombohedral-to-
ture. The system undergoes an abRgib-O’ structural phase tran- Orthorhombic structural phase transition. Upon cooling fur-
sition at Ts=360 K. The(L 2 0) reflection reacts both afc and  ther, we see that the intensity of tke 2 0 reflection starts
Tca, indicating a coupling between the lattice and the magneticdecreasing at c=235 K, reaches a local minimum &g,
system.(b) Temperature dependence of tf@&2 0 ferromagnetic ~ and then starts increasing again. This break in the intensity of
peak and(0 0 3 AF peak. Note that the onset of AF intensity the (1 2 0 reflection corresponds closely to the anomaly in
occurs afTc,<T¢ and coincides with a break in the ferromagnetic the ferromagneti¢0 2 0) peak and indicates a coupling be-
intensity consistent with a reduction in the FM moment due to atween the magnetic system and the lattice. Therefore, the
canting of spins. Note also the factor of ten difference in intensitynew type of magnetic order that appeard af is accompa-
scales, with thé€0 0 3) intensity being about 40 times weaker than nied by a lattice distortion, also evident in anomalies of the
the (0 2 O intensity. lattice parameters, as shown in Figa¥ Thea andb lattice

] o ) parameters determined from single-crystal diffraction are
is no significant scattering present@t=(003) at 215 K. ghown vsT in Fig. 4. AboveT., the difference betweea

The appearance of such new reflections indicates that a segqqp is large, indicating that the system is in the distorted-

ond phase transition occurs®t- 205 K, of magnetic and/or o oyskite orthorhombic Ophase. Upon approachinf,
structural nature. We can readily discard the possibility thalqih 5 and b start decreasing abruptly, but have opposite
the Bragg peaks at (0l) with | =odd come from a second, '

distinct phase present in the sample, because the 205 K tran-

sition is also evident in théD 2 0 reflection. These data are H—$ W

Temperature [K]

consistent with the onset of a canted spin structure at 205 K.
Indeed, the canting of spins would result in a small antifer- oo oo
romagnetic moment at the expense of a reduction in the fer- o1 $ $ $ %: % %:
romagnetic momen(see Fig. 3. We estimate the cant angle ! Pl b !
to be 9.4°-0.8°. In the double-exchange model holes can b
only hop if adjacent spins are aligned, and the onset of fer- ' ] P ;
romagnetism at 235 K gives rise to a metallic-like behavior —> $—$—$ $—$—$
of the resistivity. At 205 K, a residual superexchange inter- o101

. Co . () (b)
action (left over from the low-doping limjt cants the spins
away from the perfect ferromagnetic arrangement. The anti- FIG. 3. Schematic illustration of the magnetic structure of
ferromagnetid AF) component suppresses the metallic state a, ¢S, ;MNO5: (a) purely ferromagnetic foM,<T<T.; (b)

by reducing the matrix elements of electron hopping betweespin canted belowlc,. The cant angle is small, (9.4°0.8°),
Mn sites, thus explaining the upturn in the resistivity. A resulting in a small antiferromagnetic component.
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55— 7T T T T T T concentration range 0.#X=<0.17 is in the vicinity of struc-
55 . ach) (@) ] tural and magnetic instabilities. This only makes it more dif-
= : o b(A) ] ficult to sort out all th_e su_btletle_s of the magnetic and struc-
= 555r o ... E tural phase diagram in this region, and further work may be
g 5545 F 5 ] needed to produce a reliable phase diagram for this system,
E N PR ] for example by exploring a fine mesh of concentrations in-
g 5541 .t 7 stead of drawing conclusions based on the study of a few
o 5535 . ’ ] selected doping levels.
= F N Feooo o ] The resistivity upturn for thx=0.10 and 0.15 systems
R ST uﬂ%@f . has been associated by Yamaetaal 2° with the onset of a
55k T e ] polaron-ordered phase with the periodicita’22bx4c in
T TCAT TTC the cubic perovskite cell. These authors have based their con-
55— e L clusion on the observation of superlattice peaks indexed as
150 200 20 300 (h=1/4k+1/4,0) or (h,k,I=1/2) in a multidomain crystal
556 Tel.nPe.raFu.re,[K.] R composed of microtwins._We have ca_rried out a thoroug_h
Ur (b)5 search for such superlattice peaks using neutron scattering
5.555 ¢ ad) ] and have not found any. Therefore, we cannot confirm the
o 5550 = b(A) ] model proposed by Yamaads al. It is possible that this dis-
= R e ®% 8 0 oq ] agreement arises from slightly different nominal composi-
£ ssa5f S 7 3 tions and/or from the difficulty to index the numerous reflec-
§ ; AR ] tions in a multidomain crystal, as the one used by Yamada
T s554F . *e ] : . . "
g : - et al. Th_e po§S|bI_e existence of phases ywth pomposmonal
© 5.535F . 3 modulations in single crystals grown using different tech-
'§ E . S, nigues, or a short-range order of the doping element itself,
FOSBEetatog ram © could produce superlattice peaks as well. It is also known
5505 v T . 3 that these materials can easily incorporate vacancies which
5525 e < . could lead to ordered defects. Using synchrotron x-ray scat-

tering we observed weak and broad superlattice peaks at the
positions indicated by Yamadst al, suggestive of a short-
range order in the system, but it necessitated the high flux
FIG. 4. Temperature dependence of thendb lattice param- from a synchrqtron source to reveal _them' The quing range
eters showing the strong reaction of the latticeTatand Tg,. a  0-10sx<0.17/is a critical concentration regime in the sense
andb are very different abov@¢ (the system is in the orthorhom- that the magnetic and nuclear structure vary rapidly with
bic O' phasg, then the ferromagnetism drastically suppresses thd\evertheless, the average nuclear structure of this system has
static lattice distortion and andb become almost equal &, but ~ been well established. This is why it is surprising that Ya-
next the precursor effects of the phase transitiofi gt distort the ~ madaet al. present data showingl 0 0 reflections in the
lattice once more, before releasing the lattice distortion aimost comerthorhombic phase of their samples, much stronger than the
pletely belowT.,. Due to the uncertainty in identifying andb (2 0 0 reflection. In the orthorhombiP bnmsymmetry this
from single-crystal diffraction on a twinned sample, the situationtype of reflection is not allowed.
described ir(b) may be realized, where there is a crossover between |n conclusion, we believe that the upturn in the resistivity
aandb atTc. corresponds to the onset of an AF componenTgt. We
emphasize that the AF component is small, arising from a
variations belowT ., with a maximum ina and a minimum  small perturbation of the FM structure, and thus the spin
in b half way betweerT and Tc,. Below 200 K the dif- dynamics of thex=0.15 system of present interest can be
ference betweea andb becomes very small, suggesting that treated to a good approximation as a ferromagnet throughout
the system releases the lattice distortions and goes into tie magnetically ordered phase.
undistorted-perovskite orthorhombic* Qphase. Due to the

150 200 250 300
Temperature [K]

uncertainty in assigning andb from single-crystal diffrac- SPIN DYNAMICS

tion on a twinned sample, it is possible that the situation ,

described in Fig. @) is realized, where there is a crossover Small wave-vector regime

betweena andb at T. In this case, upon approachiig, We have investigated the spin dynamics in dg,0 and

a increases anth decreases sharply, they crossTat, and  (0,0,1 high-symmetry directions of the orthorhombic unit
continue their variation with the same slope until they reackcell [which are thg1,1,0 and(0,0,1) cubic directions The

a maximum and a minimum, respectively, before their varia-ground-state spin dynamics for a half-metallic ferromagnet
tion changes sign. The upturn in resistivity coincides withwas not expected to differ much from the conventional pic-
Tca and with the lower structural transition temperature toture of well defined spin waves, and we found that the long-
the O phase wherea and b become equal, the same as wavelength magnetic excitations were in fact the usual hy-
observed for the=0.125 systent? But unlike the structural drodynamic spin waves, with a dispersion relation given by
phase diagram proposed by Kawagioal,'® we find thex = E=E,+Dq?, whereE, is the spin-wave energy gap aid
=0.15 system to be in the’hase abové&, notinthe O is the spin stiffness constant. In order to set an upper limit on
phase. It is clear so far that the LgSr,MnO; system in the the value of any energy gap,, we have performed very



PRB 58 STRUCTURE AND SPIN DYNAMICS OF LggsSty 1sMnO; 14917

La0 85Sr0 15MnO3 >0.15 depart from thg? dependence, as higher-order terms
5 [ T T in the power-law expansion of the dispersion relation be-
i T ] come significant, as expected.
4 = T=10K . ] Similar data have been obtained along tbel,0 direc-
- T=220K ] tion, and Fig. o) plots the temperature dependence of the
3L 1 stiffnessD in both directions. This result shows that the ex-
’ ° ] change interaction&s estimated from the long-wavelength
» . ] spin dynamics are remarkably isotropic, and demonstrates
A ] again that the dimensional crossover from the two-
] dimensional(2D)-like planar ferromagnetig¢in the A-type
AF ordering to the 3D isotropic ferromagnetic character
@)1 takes pl)llalge at concentrations lower than0.15, probably
00 005 01 015 02 025 03 035 x~0.1;" _Where_the system still behaves like a semicon-
q(0, 0, O) ductor. _It is thus interesting to note _that the metallic ferro-
magnetic features in the spin dynamics appear at lower dop-
ing concentrations than the compositional insulator-metal
transition atx~0.17, above which the canting transition is
no longer observed at anl. This observation supports the
conjecture that the insulator-metal phase boundary is actually
located atx=0.1 in the Lg_,Sr,MnO; system, but the AF
component suppresses the metallic state in samples with
V] 0.1=x=0.15, without having a strong influence on the char-
5/2 f ] acter of the spin dynamics.
|

Energy [meV]

[ - kT
20 p — Fitto Dfl -ct. P ( 4%3) (R The long-wavelength spin-wave data can be compared to
_____ Fit to a power law 0 the Dyson formalism of two-spin-wave interactions in a
ol ] Heisenberg ferromagnétwhich predicts that the dynamical

0 50 100 150 200 250 interaction between the spin waves gives, to leading order, a
Temperature [K] T52 behavior:

FIG. 5. (a) Spin-wave dispersion alon,0,)) in the long- 7z KT \52 (5
wavelength limit at 10 K(open circley and 220 K(closed circles D(T)=Dyf 1— vol T B ) (_ NI )
Solid curves are fits tiE=E,+Dg?. (b) The spin-wave stiffness 0 S 47D 2 '
coefficient in the(0,1,0 (closed circlesand(0,0,1) (open circley
directions vsT. The solid curves are fits to E¢l). For T>200K  Whereuv, is the volume of the unit cell determined by near-
the measured values &f depart from theT>? dependence and the est neighborsS is the average value of the manganese spin,
dashed curves are fits to a power law. and ¢(3) is the Riemann zeta integrdl is the moment
defined by I"=(S/3D){=I"*2J(l)} which gives inform-
ation about the range of the exchange interaction. The
solid curves in Fig. &) are fits to Eq.(1), and are in good
greement with the experimental data for temperatures up
0 200 K, surprisingly close tdl-. The fitted values of

high-resolution inelastic measurements on the NGBINS
cold-neutron triple-axis spectrometer. Figur@Sllustrates
the measured spin-wave dispersion relation along @& 1)
direction at 10 K and 220 K. The spin-wave energies hav
been obtained from least-squares fits of the data to the dis?
persion relation convoluted with the instrumental resolutioni?  give \/I2010—(2 37+0.39)by, and \/I2001—(2 56

The solid curves are fits tB=E,+ Dg?. The fitted value of  +0.75),, whereb, and c, are here the distances to the

Eo at 10 K is 0.019:0.04 meV, where the quoted error in- nearest neighbors=<3.896 A), and indicate that the ex-
cludes only statistical errors. The negligible valueEyfin-  change interaction extends significantly beyond nearest
dicates that this material is a prototypical isotropic ferromag-neighbors in both directions. Far>200 K the experimen-

net, comparable to the soft amorphous ferromagnetsally measured values & depart from the leading ord@rP'2
Previous studies have shown that the undoped system isdependence as expected, having rather a power-law behavior
Jahn-Teller distorted perovskite that consists of sheets of fefdashed curvesand appearing to collapse &s-T.

romagnetic spins in thab plane that are coupled antiferro-  In the course of these measurements we have noticed that
magnetically along the axis. The spin-wave energy gap is the central quasielastic peak has a strong temperature depen-
~2.5meV forx=0, and then decreases continuously with dence, while typically the central peak originates from weak
and becomes zero for=0.1 as the antiferromagneticaxis  temperature-independent nuclear incoherent scattering. Fig-
interaction changes sign and becomes ferromaghetfcthe  ure a) shows two magnetic inelastic spectra collected at
present measurements confirm thxat0.15 belongs to the 210 and 220 K, and reduced wave vectpr0.125 away
ferromagnetic doping concentration range for which thefrom the (0 0 2 reciprocal point. A flat background of 0.6
spin-wave energy gap is essentially zero. The fitted valuesounts plus an elastic incoherent nuclear peak of 100 counts,
for the spin stiffness constait are 94.87-1.18 meV 2 at  measured at 10 K, have been subtracted from these data. We
10 K, and 40.530.13meV & at 220 K. The low- can clearly see the development of the quasielastic compo-
temperature value of the spin stiffness constant gives a ratioent, comparable in intensity to the spin waves, and the
of D/kgT.~4.6 A2. We can also see that energies fpr strength of this scattering is shown in FighBas a function
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FIG. 7. Spin-wave dispersion alo@,1,0 and(0,0,1) measured
to the zone boundary at 10 K. The solid curves are fits to a Heisen-
berg model with];S=3.55+0.06 meV obtained by giving all the
data the same weight. The dashed curves are fits to a Heisenberg
)l model with J;S=3.00+0.02 meV obtained by favoring the log-
e data.
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One of the major open questions in the field of doped
manganites concerns the appropriate spin Hamiltonian in the
] ordered state. The simplest candidate is the Heisenberg form
] with couplingsJ;; between pairs of localized spins at sif&s
andR;, H=—-%;;J;;§-S;. The double-exchange model in
the limit of large Hund’s coupling gives the samécosine-
band dispersion relation as a ferromagnetic Heisenberg

50 100 150 200 250 300 model with nearest-neighbor spin exchanges, but is ex-
Temperature [K] pressed in terms of different parametéedectron transfer
o ) energyt and Hund’s couplingly, J /t— in this casg In
FIG. 6. (a) Magnetic inelastic spectra collected at 210 and 220,[he case ofl,, finite, however, the double-exchange model

K, and a reduced wave vectar=(0,0,0.125). A flat background of oes not provide an analytical form of the dispersion relation
0.6 counts plus an elastic incoherent nuclear peak of 100 countg, P y P

measured at 10 K, have been subtracted from these data. The dorHi_‘-at ga_n be readily compared to the experimental data. For

nant effect is the development of a strong quasielastic component iﬁ'mpl'c'ty reasons, we have compared our data to the

the spectrum(b) Integrated intensity versus temperature for the Heisenberg model.

central peak afj=(0,0,0.15). The quasielastic scattering starts in- The spin-wave excitations have been measured to the

creasing in intensity well beloW . AboveTc, all the scatteringin ~ zone boundary, and the dispersion curves at 10 K for the

this range ofg is quasielastic. (0,1,0 and(0,0,) directions are plotted in Fig. 7. The solid
curves are the Heisenberg model with a ferromagnetic
nearest-neighbor coupling;S=3.55+0.06 meV obtained

of temperature. We observe a significant intensity starting aif™ @ fit in which all the data were given the same weight.

~210K (~25K below T¢), and the scattering peaks at I(f \;]Vgrgei:gr? _c:]l_fitag;viggcg(:_rsngvi?eht tgutgif'lr?;ﬁd;rtz the
Tc. At and aboveT all the scattering is quasielastic. The w pin-wave excitat w !

. : . . energies have been obtained from high-resolution measure-
appearance in the ferromagnetic phase of a quasielastic com- . — ;

. i . mentg, we obtainJ;S=3.00+0.02 meV, and the result is
ponent comparable in intensity to the spin waves was ob-

: . depicted by the dashed curves. The magnon bandwidth in a
served on Ca-doped polycrystalline samplsd it has been double-exchange model for large Hund's couptig,— o
suggested that it is associated with the localization ofefhe

o X would then beEg,=24J,S=85.2 meV. Using a spherical
electrons on the Mii/Mn™" lattice, and that it may be re- free_electron model Fermi surface, we estimate an electron
lated to the formation of spin polarons in the systéiVe  yansfer energy=0.11 eV. The overall agreement is reason-
have observed a similar anomalous behavior of the centrglpie in the first casésolid curves, except for a region of
peak in the strongly doped systeml;gSisgMnO3,% but  intermediate energies belay= 0.5, while in the second case
not in the pyrochlore FMn,0,.%* It thus appears that the (dashed curvésthe agreement is excellent at low energies,
coexistence of spin-wave excitations and spin diffusion is @ut becomes poor fag=0.5. In the(0,0,1) direction we see
common characteristic for many perovskite manganites, anthe manifestation of an additional feature: the opening of a
it raises the question about its relevance for the colossal magmall gap in the spin-wave spectrum @ 0.5, which is
netoresistance property of the perovskite manganites. likely related to the presence of the odd-integer superlattice

Observed Integrated Intensity
T T
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FIG. 8. Magnetic inelastic spectra collected at 10 K for reduced
wave vectorda) q=0.2 (open circles andq= 0.3 (closed circles
(b) q=0.6, (c) g=1.0 in the(0,1,0 direction. The magnetic exci-
tations are increasingly broader with The solid curves are fits to
a convolution of the instrumental resolution function with the spin-
wave cross section. The horizontal arrows indicate the width of the
instrumental energy resolutioBg. (d) Energy scan ag=1.0 at
100 K, still well below T, showing that the magnetic excitation at
the zone boundary has broadened beyond recognitath this q4 [T In (kT/ ESW)]2
resolution.

I'(q, T) [meV]

0 100 200 300 400

FIG. 9. (a) Intrinsic spin-wave linewidths versupat 10 K along

the (0,1,0 (closed circles and along the(0,0,1) direction (open

squarels The damping at the zone boundary in {Bel,0 direction
peaks at (0 0) that appear belowc,=205 K. It would be isq~47 meV, comf)ar%ble to the spin-waveiznergy, gut it is smaller
interesting to check if this gap goes away abdyg , when in the(0,0, direction.(b) Intrinsic spin-wave linewidths versus the
the system recovers the exact FM structure. Unfortunatelyexpected ¢, T) dependence in linear spin-wave theory. Linewidths
measuring spin waves above 100 K proves to be difficult irof spin waves fog=<0.16 A~* (closed circlesfall quite close to a
this wave-vector regime because, as we discuss below, raisingle universal curve, whereas linewidths for Gf<0.25 A1
ing the temperature dramatically increases the spin-wavépen squarggleviate significantly from the expected straight line.
damping to the point that the larggrmagnons become ill The low-temperature linewidths at highgrare off scale on this
defined for temperatures in the rangeTefa~ 205 K. plot.

The overall agreement between the calculated and ob-

served dispersion relation might suggest that the Heisenberg
model, or a single-band double-exchange model, provides meutron background and the angle-dependent background for
good description of the spin dynamics of the manganitesmall scattering angleévhich represented a real problem
systems. However, in both models the magnons in theonly for scattering angles<15°). The fast neutron back-
ground state are eigenstates of the system. dlbgerved ground(dependent on the counting time which can be differ-
magnetic excitations, interestingly enough, develop large inent at different energy transferand the angle-dependent
trinsic linewidths with increasing), even at low tempera- background have been determined by misorienting the ana-
tures. Figures @), 8(b), and &c) show for comparison en- lyzer crystal by 5°, and then this background has been sub-
ergy scans at differemf vectors alond0,1,0 measured at 10 tracted from the data. Th&-independent sample back-
K, well below T¢ (235 K). The instrumental energy resolu- ground has been kept fixed in the fits. At ea@hwe have
tion (taking into account the slope of the measured disperscanned a wide energy range to determine the background.
sion relationis 1.1, 3.1, 5.6, and 5.9 meV @=0.2, 0.3, 0.6, The intrinsic linewidths obtained from the fits, assuming a
and 1.0, respectively, while the observed widths are 2.4, 4.9Jamped harmonic-oscillator spectral weight functibrare
28.8, and 46.2 meV, respectively. To obtain quantitativeshown in Fig. 9a). At the zone boundary in th,1,0 di-
linewidths, all the data have been fit to a convolution of therection the damping of the magnetic excitationH47 meV,
instrumental resolution function with the spin-wave crosscomparable to the energy of the excitation, while the resolu-
section. For the very large linewidths found at laggeit is  tion width is 5.9 meV. Note that there are significant line-
important to correct the data for the instrumental back-widths at relatively smalij as well, but these are dwarfed by
ground, which is the sum of the sample background, the faghe huge widths observed as one proceeds towards the zone
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boundary. The most likely explanation for the observed We finally note that increasing the temperature also has a
damping is a strong magnon-electron interaction due to thstrong effect on the spin-wave damping. A&50 K, still
itinerant nature of they electrons associated with the elec- well below T, the zone-boundary magnetic excitation ap-
tron hopping and double-exchange mechanism. However, ipears to be the same as at 10 K, but at 100 K it broadens to
a simple single-band double-exchange model the grounthe point of being ill definedwith this resolution, as can be
state is fully polarized, and the magnon-electron interactiorseen in Fig. &). This behavior contrasts markedly with the
is forbidden by symmetry. This means that the single-particleexpectations for a conventional localized-spin ferromagnet,
Stoner-like excitations have a gap due to the energy differand indicates that there are additional strongly temperature-
ence between the up-electron and down-electron b@rad® dependent contributions to the spin-wave damping. The
of a strong ferromagngtTherefore, the continuum of Stoner leading-order spin-wave damping in the double-exchange
modes is in a higher energy region of the spin-excitatiormodel is proportional to (+ m?), wherem is the reduced
spectrum, and the low-lying spin-wave excitations should benagnetizatiorf? and at this low a temperature the expected
well defined. Only at finite temperature does a gapless modemperature dependence again appears to be too small to
of Stoner excitations appear, and this is expected to have explain these observations. A quantitative description of the
strong damping effect on the spin-wave excitations near thepin-wave damping as a function of wave vector and tem-
zone boundary® The presence of the small superlattice perature in these materials represents a theoretical challenge.
peaks might also have an effect on the magnon linewidths by

breaking the half-metallic symmetry, but it seems very un-

likely that this could provide an explanation for these ex- DISCUSSION

traordinarily large linewidths at largg. Another possible i . ) ,

contribution to the spin-wave damping could come from an A megn-fleld calculation gives for the Curie temperature
alloy effect related to the random distribution of fnand ~ ©f @ localized ferromagnet a valug A5(S+ 1)é If we use for
Mn** jons and consequent distribution of exchange interacS the mean spin on the manganese iS5 X +2(1-x),
tions, but typically the linewidths due to alloying are quite W€ calculate a mean-field valul!"=482 K. This is U
modest and not strongly anisotropic. Macroscopic inhomothan double the exp.erlmentally measuregl value. But it is well
geneities of the sample are ruled out since the magnetic arfelown that fluctuations reduce the Curie temperature even
structural transitions are observed to be sharp. Measuremerify three-dimensional local moment ferromagnets. In particu-
in the (0,0, direction, on the other hand, reveal only modestlar. for the simple cubic nearest-neighbor Heisenberg ferro-
linewidths for these spin waves, as also shown in Fig),9 Magnet, fluctuations redudg; to J,[2.908(S+1)—0.36].*

and similar to those observed very recently by Hwangl. We evaluate this quantity to be 341 K, still 45% larger than
in Py 655t 3Mn05.2” The strong damping and its direction- the measured value of 235 K. In other words, the Curie tem-
ality that we observe suggests that hybridization effects in gerature is inconsistent with the magnon bandwittk,
multiband model must be included in the description of these=24J,S. For La gsSr 1gMNO; we find that the magnon
materials to quantitatively explain the spin dynamics, similarbandwidth is significantlyabout a factor of 2larger than

to conventional itinerant electron systeffis. the Curie temperature of 235 K. The large valuelpHeter-

As we mentioned before, there are significant line-mined from our neutron-scattering measurements of the spin-
widths at relatively smalf as well. In the long-wavelength wave spectrum indicates that this system is not localized, but
regime the linewidths in spin-wave theory, due to spin-has itinerant character. The renormalizationTgf from the
wave—spin-wave interactions, are expected to followmean-field value in a Heisenberg Hamiltoni@vhich is ap-
I'(q,T)*q*T In(KT/Eg,) ]?. Figure 9b) shows the experi- propriate for ferromagnetic insulators or localized spin sys-
mentally observed spin-wave linewidths for temg is considered to be a good measure of the itineracy. An
Lag g:Sho.1gMN0O;4 for q=<0.25 A~ and for temperatures be- itinerant ferromagnet will have a lowdf. compared to the
tween 10 and 230 K. We see that the pofsidlid circleg for  mean-field value, but will have large values Xfconsistent
g=<0.16 A1 fall quite close to a single universal curve. This with the present results. A calculation & performed by
indicates that spin-wave interactions dominate the linewidthgurukawa within the double-exchange mog@ake Kondo lat-
in this regime. At highen, represented by the open squarestice model with ferromagnetic couplingsn the infinite-
in this figure, the data deviate strongly from the expectediimensional approach reproduces the experimental result
straight line, and are clearly more strongly damped, even &or La, gsS1p 1gMNO; when using a bandwidth of the itinerant
low temperatures. This is an interesting result in the follow-e, electrons W=1.05eV and a Hund's couplingly
ing sense: They*[ T In(KT/Es,) ]2 dependence predicted by =4.2 eV. This value ofV gives a large value of the electron
the linear spin-wave theory is the leading-order behavior extransfer energyt=W/6=0.175 eV, which is probably a
pected only in the smatfregime. For higheq, this relation  more accurate value than the one we have previously esti-
overestimates the observed linewidths, i.e., observed lineanated from the magnon bandwidth using a spherical free-
widths plotted vsgq*[ T In(KT/Es,)]? are expected to lie un- electron model Fermi surface.
derneath the straight line. Our results show that the linear This manifestation of the itinerant character of the spin
spin-wave theory relation holds up tp=0.16 A~1, while  system and the isotropy of the exchange interactions demon-
for higherq values the linewidths are found to sibovethe  strate that the dimensional crossover from the 2D-like planar
expected straight line, not below. We remark that for lagger ferromagnetic in the low doping limit to the 3D isotropic
(>0.26 A1) the linewidths are too large to be included on ferromagnetic character takes place at concentrations lower
the plot. thanx=0.15, probablyx~0.1.1*12|t is remarkable that the
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metallic ferromagnetic features in the spin dynamics appeagnergy spin wave, that may be responsible for the anomalous
at lower doping concentrations than the compositionakpin-wave damping effects observed in this system.
insulator-metal transition at~0.17. It is therefore conjec-

tured that the insulator-metal phase boundary would have ACKNOWLEDGMENTS
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